. Among several nonverbal behaviours we focus in this article on unintentional rhythmic entrainment and synchronization which has been proven to be highly important in intuitive and natural Human Human communication. Hence, the rising question is whether or no this phenomenon can be reproduced in a context of HRI and what are the prerequisites to ensure its emergence. In this paper, we study rhythmical interactions during imitation games between a NAO robot and naive subjects. We analysed two main types of interactions, a first where NAO performs movements at a fixed rhythm (unidirectional) and a second one where the robot is able to adopt the human motion dynamic (bidirectional) using a neural modelling of the entrainment effect based on dynamical systems. We show that using such model allows us to reach synchronization during the interactions and that both partners (robot and human) adapt their frequency as observed in natural HHI. This puts forward the importance of bidirectionality for HRI. Moreover, the participants shifted their motion dynamics during the interaction without noticing it, proving the presence of such unintentional rhythmic entrainment in HRI.
I. Introduction
The emergence of a growing number of applications involving robots in our daily life brings the outbreak of numerous problematic concerning social robotics. It becomes clear that research in robotics should not only focus on the performance of a robot in specific tasks, but also in the manner to integrate robots in a human environment to perform satisfying and intuitive Human Robot Interaction (HRI). In 2012, Mortl et al. showed the importance of the robot adaptation capacities during physical cooperative tasks; performances are increased when the robot reacts according to the human dynamic feedback [1] . This highlights the fact that human and robot should cooperate and adapt during a task like we do during classical Human Human Interactions (HHI). In HHI, such cooperation does not imply only explicit behaviour such as speech or gesture, but also several important nonverbal behaviours that play a key role in communication.
It has been proven that using nonverbal communication in HRI can
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increase the robot's perceived anthropomorphism and likeability [2] . The interaction is more natural and the human can relate to the robot. Moreover, as a more pragmatic argument, Breazeal et al. showed that nonverbal communication has a direct impact on the performance during a task with a robot [3] and allows the system to be more robust to miscommunication.
An important nonverbal behaviour in HHI is unintentional synchronization and rhythmic entrainment phenomenon. Synchronization is a particular state where two signals or occurrences have the same frequency and are in phase or in opposition of phase. Synchrony is often present in nature at different levels such as mechanic (synchronization of pendulums [4] ) and biology (birds in flight, firefly twinkling [5] ). This state can also be observed between interacting humans [6] . In fact, our movements can be set into motion and their frequency influenced by external stimuli (visual, audio or tactile), resulting in synchronizations with the stimuli signals. This can be observed at a daily basis as for walking side by side (step synchronization) or a clapping audience [7] . Not only this phenomenon is spontaneous, it is also inevitable even if we explicitly ask people not to synchronize with others, as shown by Issartel et al. [6] . Because of this irrepressible aspect, this can be extended to social interaction, during which healthy partners tend to regularly reach phase of synchronization (saccadic eyes, hands movements) and consequently be coordinated [8] . Furthermore, it has been proven by studying numerous kinds of HHI in different contexts, that synchronization is linked to the degree of partners attention, making it an important unintentional signal for social interactions [9] [10] [11] . Numerous other examples showing the importance of synchronization and coordination in nonverbal behaviour can be cited, it has been shown that: a baby needs the mother to be synchronized to better interact with her [12] , learning is enhanced when the teacher is in phase with his student [13] , the more we find people attractive, the more we synchronize with them [14] , etc. Such phenomenon have also be reported during HRI. For example, Ogawa et al. reported an entrainment of nodding between a human and a robot [15] and Sakamaoto et al showed a person's body movements are entrained to robot's ones in the situation of a route guide [16] .
We can distinguish two types of synchronization: intentional synchronization and unintentional ones. The main difference is that intentional synchronization requires the will of the subject to coordinate whereas unintentional synchronization occurs without the subject noticing. [20] . One can augur that this phenomenon could be exploited in social robotics in order to make HRI more natural. It implies making the robot able not only to adapt its behaviour to the human dynamics but also to induce unintentional rhythmic adaptations of the partner's movements. In fact, Lorentz et and colleagues [21] proved that humans do not take over the complete effort of movement adaptation to reach synchronization when facing a moving robot that doesn't adapt its rhythm. This shows that the bidirectionality is crucial and that we need adaptive robots.
In the line of this state of the art, we will study, in this paper, this phenomenon of unintentional synchronization and rhythmic entrainment in HRI. More precisely, we will embed a NAO robot with a neural model permitting rhythmical entrainment and adaptation (to human movements) and conduct HRI experiments with naive subjects in order to validate our model and show if it can induce, as in HHI, unintentional or unintentional human rhythmic adaptation.
II. Modelling rhythmic entrainment
As stated before, studying unintentional synchronization and rhythmic entrainment in HRI implies first making the robot able to be rhythmically entrained by the human's motion dynamics. Several approaches can then be considered. From an ecological point of view, recent studies put forward milliseconds inter-brain synchronization during a social task [22] . Such timing shows that this process is very low level and may come from a self-organized system and not from a complex computational process. This vision of the emergence of synchronized systems is highly defended by dynamical systems theories. In such approaches, we model the agent's dynamics by oscillators influencing and entraining rhythmically each other (as Hugen's pendulums). As a simple example, two pendulums (at different frequencies) on the same table can synchronize because of the vibration of this table which permit an energy exchange between the two systems. Pantaleone linked those mechanical synchronization to biological ones [4] . Haken Kelso and Bunz proposed a system of equations modelling the behaviour of coupled Van Der Pol oscillators [23] . By using dynamical systems, we consider that agents bring energy to each other via stimuli (visual for example) to entrain the partner's rhythmic behaviour in a very low level process and consequently change their mutual frequency and motion amplitude.
Modelling two systems (agents) rhythmically influencing each other using dynamical systems implies the use of coupled oscillators, whether they are mathematical [23] or neural [24] . A major difficulty in HRI is the fact that we don't have a direct access to both agents' "oscillators" (human motion frequency and phase for example). To tackle this problem, we will use here the entrainment effect model we recently proposed [25] (see figure 1) . This model has been validated with naive subjects and has been proven to be efficient to adapt the robot's rhythm to the human motion dynamics in a very simple HRI task. However, it has not been tested on different moves and tasks.
For clarity sake, this model will be explained briefly below but we invite the reader to refer to [25] for more details.
The model uses a neural oscillator to control the robot rhythmical movement whose dynamic can be influenced by an energy coming from the optical flow induced by the human motion. The global model is illustrated figure 1. Figure 1 shows a neural oscillator inspired by the Prepin model [26] . The equations respected by our neurons are given by equation1 and 2:
The output of both neurons is consequently oscillatory and the frequency depends on the parameter β.
This oscillator controls the robot's arm and can be influenced by the movement of an interacting partner. A camera is located in front of the robot. The optical flow is extracted from the images by a hierarchical algorithm proposed by Amiaz et al. [27] . The optical flow is then used to obtain directional neurons sensitive to vertical or horizontal movements. These neurons provide a periodical response when the movement is rhythmic which can alternates between negatives and positives values.
This signal f is then modulated by a coupling factor cp and added to the oscillator signal (see equation 3). This added signal changes the dynamic of the oscillator and can lead to synchronization with the partner. The coupling factor cp allows us to weight the amplitude of the input signal and so the range of frequencies in which the oscillator would be able to be synchronized; if the coupling factor is high, the oscillator will be able to synchronized in a large range of frequencies and vice versa. Figure 2 shows the simulated resulting entrainment of the oscillator for two different coupling factors. We can observe that, for a small coupling factor (0.05), the oscillator is influenced and its dynamic is deformed but is not at the same frequency as the simulated optical flow induced by human motion. On the contrary we can see that a higher coupling factor (0.2) allows the oscillator to have the same frequency as the simulated optical flow signal. Precisely, we can see that those two signals are out of phase with a shift of π/2. The optical flow signal being the derivative of the human arm position, this means that the oscillator is indeed synchronized with the human arm movement. We performed experiments for studying the visual entrainment effect in HRI during imitation games between a NAO robot and naive subjects. Two main types of interaction were analysed : i) unidirectional : the robot moves with a fixed frequency of 0.73Hz without taking into account the human motion dynamic ii) bidirectional : the robot is able to be adaptive to the human rhythm using the previously presented neural model.
A. Experimental set up
Each participant stands facing the NAO robot about 1.5 meter in distance. The robot was seated on a small chair on a table and at the same height as the human partner (see figure 3) . The robot can perceive the human partner through an external camera to avoid the limitations of the NAO's one. The collected data (the oscillator controlling the robots arm and the optical flow induced by the human movements) are saved directly during the experiments. 2) Condition: For studying the human unintentional entrainment during the HRI, the real goal of the experiments was hidden from the participants, they were told that the objective was to build a data base which would be used by the robot to learn to recognize different gestures. They had to make three different rhythmical movements that were in a random order. It is important to note that they were explicitly asked to move naturally with their own preferred frequency regardless to the robot behaviour.
We studied three rhythmical movements:
• (1) raising and lowering the arms vertically (mov1 ) • (2) raising and lowering the arm horizontally(mov2 ) • (3) waving at the human (mov3 ) Video showing NAO producing those movement and a practical example of the entrainment model are available at this link 1 . Each subject performs the three movements in three different conditions:
• First condition: the purpose of this part is to obtain the proper frequency of the participants for each movement. We explain the subjects the movement and ask them to do it alone at their own preferred rhythm. Each movement is done for 30 seconds in a random order.
• Second condition: here, we study the influence of the robot which moves at its own pace (without entrainment or adaptation). Consequently we study the entrainment effect in a unidirectional context. The robot is just an automaton and is not influenced by the rhythm of the human subject. We ask the subject to do the same movement as the robot but still at their own pace as in the first condition. The robot's purpose is just to show them which movement is to be done. The three movements are made in a random order, each during 30 seconds.
• Third condition: this part concerns the study of entrainment effect in a bidirectional interaction. In this case, the robot is able to be entrained by the partner thanks to the model presented in the previous section. We fixed the coupling factor to a value of 0.1. As previously, the subject was asked to do the same movement as the robot at their own rhythm and the three movements were ordered randomly.
3) Hypothesis:
We expect to obtain, in the second condition, an entrainment effect on the human movement and eventually synchronizations if the robot and the partner's preferred frequency are close enough (around 10% if we consider the data obtained for HHI in the literature). This would allow to put forward and analyses the entrainment effect caused by the robot. For the third condition, we expect to find a large majority of cases where the robot and the human are synchronized which would occur, due to the mutual rhythmic entrainment, at a frequency between the robot's original one (0.73Hz) and the human's preferred frequency (given by the first condition).
IV. Experimental Results
Because we studied the entrainment effect with two different kinds of interaction (with and without adaptation of the robot), we will present separately the results of the condition 2 and 3. We remind the reader that the first condition is only used to extract the preferred frequency of each subject performing each of the three studied movements.
A. Condition 2: unidirectionnal entrainment
In this section we compare the subject's proper frequency (retrieved during the first condition) with his frequency while interacting with the robot during the second condition. The robots moves at a frequency of 0.73Hz. The figure 4 shows a general view of the results for all the subjects.
As we can see in the graphics, during the second condition every participant has been influenced by the robot's motion; the gap between their proper frequency and the robot's one is reduced when the robot moves in front of them. This highlights the existence of the entrainment effect as well as its omnipresence. As mentioned in the protocol, we explicitly asked the participant to keep their own pace and, still, we could observe an important difference of frequency between the first and the second condition, from 4% to 50% difference. Figure 5 studies the entrainment effect according to the difference between the proper frequency of the robot and the human. For that purpose, we plotted the drift of frequency between the first and second condition (the entrainment) as a function of the gap between the proper frequencies. Cases of synchronisation can be observed when the point are on the unitary line or very close. During this second condition, we found 9 cases (trials) of synchronization between the robot and the subjects. We can take note that this usually corresponds to the subjects having proper frequencies (in condition 1) close to the robot's one (0.73Hz). In particular, the four cases where the subject proper frequency was in a range of 10% from the robot were all synchronized during the second condition which is in the line of the results obtained for unintentional synchronization in Human The average range between the proper frequency (condition 1) of the subjects and their frequency during this unidirectional interaction is around 23% which is higher than what we expected (around 10% as in HHI). This could imply the presence of a strong, and not expected, coupling (visual but also audio because to the robot's motors noise) between the human and NAO. A possible explanation can be the lack of an explicit intentional task hiding the unintentional one (rhythmic adaptation) during our study. It is in fact hard to ensure that some subjects didn't understand the "rules" and were trying to synchronize intentionally with the robot during some trials. To validate this theory, we ignored cases of synchronization during the second condition: the resulted gaps were even more important (36%) invalidating this explanation. As in a majority of cases, the subject and the robot weren't synchronized, we can assume that this phenomenon is indeed unintended. Another interesting result is that the entrainment is not the same according to the movement we consider; indeed if we consider only the synchronized cases during this second condition, we notice that the third movement (mov3) is the one where we can find the most case of synchrony. Considering only the cases of synchrony, it is the movement corresponding to the most important entrainment 19%. We wonder if this is the case because this movement (waving, saying hello) is particularly social.
B. Condition 3: Bidirectional entrainment
During this condition, we use the previously detailed entrainment model, the robot is here able to be adaptive and can be influenced by the subject. In this interaction, the entrainment is bidirectional. Figure 4 shows all the average motion frequencies during this third condition. During the interactions, synchronization was reached for 100% of the cases. An example is presented figure 7. During this condition, even if the robot was able to be entrained by the human motion, we were limited to a range of around 20% for possible synchronizations. Beside, we can observe that the interaction synchronous frequency is never the subject proper frequency, meaning that the human was influenced as well as the robot. As a matter of fact, we note that 75% of the interaction frequencies were located between the own frequency of the robot and the subject ones; the rhythmic adaptation came from both agents. This can be observed in figure 4 where we can clearly see that the frequency of the third condition is located between the two other curves (conditions 1 and 2). Figure 6 shows the entrainment in condition 3 (difference between frequency for condition 1 and 3) in function of the difference between the proper frequency. Comparing to the figure 5, we can observe that, indeed, the entrainment is less important thanks to the robot's on adaptation. In average, we have an entrainment in average of 19% and an important number of cases around 15%. This condition shows the symmetric role of the human and the robot and the necessity for both side to be entrained to reach synchronization. 
C. Analysing the relative phase
Another interesting information is the relative phase between the robot and the human. Indeed, as we mentioned before, synchronization does not only imply interacting at the same frequency but also being in phase or in opposition of phase.
The figures 8 and 9 represent, respectively for the conditions 2 and 3, the histogram of the average relative phase between the robot's oscillator and the human motion (extracted by the optical flow). One can notice that the different average relative phases are largely more diffuse for the condition 2. On the contrary, the histogram for the third condition shows that a majority of the mean relative phases are close to zero or π (with a small delay because of the temporal latency induced by our measurement. We can notice that the histogram of the second condition shows a maximum around π. The reason is that we have (as mentioned in the previous section) 9 cases (trials) of anti-phase synchronizations during this condition. It is interesting to notice that, in this specific condition, every case of synchronized interaction is in opposition of phase whereas in the third condition (bidirectional), a majority are in phase. We wonder if this phenomenon occurred because we asked the participant to keep moving with a rhythm that is natural for them, they probably wanted to consciously avoid synchronization and, as the robot is not adaptive (unidirectional), they ended synchronized in opposition of phase because of the unintentional entrainment. Studying this phenomenon more precisely in HRI could be an interesting short-term objective. 
V. Conclusion and Discussion
Our study shows that unintentional rhythmic entrainment and synchronization can be present during HRI. The condition 2 of our experiments highlights the unintentional entrainment effect caused by a robot moving at a fixed rhythm and perceived by the human partner. As for HHI, we also demonstrated in this condition that if the human natural frequency is close to the robot's one, he can not avoid unintentional entrainment leading to a synchronized interaction. However, we found out that this entrainment was more important (23%) than the usual entrainment admitted by the state of arts regarding HHI (10%). Investigating this particular question about the entrainment effect in HRI, and comparing it with HHI, is in our near objectives.
Another interesting point is that using a robot able to be entrained as well (with an entrainment model based on dynamical systems) allows us to show the importance of bidirectional influence to reach synchronization during an interaction. This is even more proven by the fact that the frequency of the interaction is located between the proper frequency of the robot and the human natural (preferred) one, meaning that both of them has changed their frequency closer to their partner's one. This means that we need rhythmically adaptive robots to obtain a natural coordinated interaction.
Hence, as an extension of this work we need to study these unintentional rhythmic entrainment (in HRI) in a more complex and ecological, cooperative tasks. A more substantial statistical study must also be done to confirm the preliminary results we obtained here and the influence of rhythmically adaptive robots on the performance during such task.
Another important perspective is the interest of using robots able to simulate and to induce unintentional rhythmic adaptation to help understanding unintentional human behaviour. In fact, being able to control important parameters (such as the proper frequency of the robot, the phase, the coupling factor etc.) makes the robot a useful tool to study unintentional human adaptations in different experimental conditions. Moreover, these type of studies can actually find interesting applications in medical or clinical rehabilitation therapies for impaired people, specifically the ones suffering from social or sensorimotor disorder (schizophrenia, autism, Parkinsonian etc.).
